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The purpose of this Task Directive was to investigate and model loading

on a projectile impacting air- or sand-backed concrete slabs of 2inite thick-

ness. The model developed can be used to predict loads on a projectile

impacting these media if the impact is at normal incidence. It can be used to

predict total forces on the projectile or it can be used to predict forces on

projectile elements if the projectile's trajectory is run in a terradynamics

code.

A number of calculations were performed using various projectile geome-

tries and velocities in a finite difference wave propagation computer program

(hydrocode). Loads on the projectile were saved and analyzed to develop

equations for predicting applied stress versus time as functions of the pro-

jectile's geometry and velocity and the thickness of the concrete target.

These loading equations are presented in this report.

In addition, loads on a projectile impacting a completely saturated

concrete were investigated using a saturated concrete model developed by the

Sandia National Laboratories. This investigation was performed because there

was some Air Force interest in a comparison of loads for saturated and dry

concrete.

p.1
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MATEUAL PROIO I S

A word concerning units is in order before proceeding into a discussion

concerning material properties. The hydrocodes in use at Orlando Technology,

Inc. (OTI) employ the centimeter-gram-second (CGS) system of units. This is a

convenient system of units for conventional weapon problems with the exception

that pressure can be a very large number (10' dynes/cmz) for the problems of

interest in this report. Prior to general acceptance of the Systeme Interna-

tional d'Unites (SI) system, kilobars (1 kilobar = 10' dynes/cm1 ) were used to

reduce these large pressures to manageable numbers. Because previous work

(Reference 1) employed kilobars, this unit has been retained in this report.

For SI users, 1 Gigapascal is equal to 10 kilobars. The units of psi (pounds

per square inch) are used only in reference to the unconfined compressive

strength 6f a concrete, in line with a very old tradition.

The dry concrete material behavior model used in all hydrocode runs is

presented in detail in Reference 2. The model consists of a hydrostat and a

yield surface. These curves are seen in Figure 1. The hydrostat defines a

relationship between pressure and density and is valid for a good quality
concrete with an unconfined compressive strength of 5,000 psi. The hydrostat
loading curves, up to 60 kilobars (Kb) are defined by the following equations:

P(Kb) = 144 p if 0iL0.0025

P(Kb) = 0.358 + 78.62 (p-0.0025) if 0.0025<IJ0.I

P(Kb) = 8.0 + 130.0 (g-0.1) if 0.1<pJ0.2

P(Kb) = 21.0 + 420.0 (p-0.2) if 0.2<pJ0.3

In these equations, P is the pressure (position in compression) and p is

the excess compression defined by:

Pc

2
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where p0 is ambient concrete density (2.2 g/cc) and p is the density at some

compressed state.

Unloading prior to reaching the lockup portion of the hydrostat is along

paths parallel to the lockup curve. Reloading is along these same paths.

This occurs because the concrete crushes in loading and will occupy less

volume when this loading is relieved.

The yield surface was developed from test data for concretes with

varying unconfined compressive strengths and is a function of pressure and the

unconfined strength. The yield strength is defined by the following equa-

tions:

Y = 3.3(P + 0.lf'/3) if -O.lf'/3 <P 1fc'/3
c c fc

ft

Y=P+2/3f, if ( <P 130ff

Y = 30.67f' if 30f' <Pc c

In these equations V is the concrete's unconfined compressive strength. Theq cyield surface is a Mohr-Coulomb type with a saturation level (arbitrarily) set

at 30.67f'.
c

This concrete model has been successfully employed in penetration and

breaching calculations and is actively used at the Air Force Armament Labora-

tory, the Air Force Weapons Laboratory, the Army Ballistic Research Laboratory

and other locations.

The wet concrete model is one developed by M. M. Hightower of the Sandia

National Laboratories and is presented in detail in Reference 3. Hightower

basically proposes that water content can be taken into account by combining

the dry concrete and water hydrostats and by reducing the concreto's yield

strength. In the ultimate, fully saturated concrete, the material has no

yield strength whatsoever. The material model for this fully saturated con-

crete is discussed below.

4



Lot f be the volue fraction of concrete and fw be the volume fraction

of water at any time. Initial values, consistent with the void fraction in

the OTI dry concrete model, are:

f o = 0.818

f = 0.182we

In this situation all of the void volume is filled with water. Because
of the varying compressibilities of concrete and water, f c and fw vary if

pressure equilibrium between the concrete and water is desired within a zone.

Although the volume fractions vary, the mass fractions do not and so:

f =p f /Pmc ocfco/o

f m Pf /Pfmw = Pow wol0

where

f is the mass fraction of concretemc

f is the mass fraction of water
mW

Poc is the initial density of concrete (2.69 gm/cc)

POW is the initial density of water (1.0 Sm/cc)

PO is the initial density of the concrete/water mixture.

The value p is found from

Po= Pocfco + POWfwo = 2.38 &m/cc

As the material is compressed f c and f vary but f mc and f remain constant,
so that:

Mc Pcvc Pc
f =- -- - fmc m pv p c

where

mc is the mass of concrete in a zone

m is the total mass in a zone

v is the volume of concrete in a zone
C
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v is the total volume of a zone

PC is the density of concrete in a zone

( p is the total density in a zone

The excess compression for a zone, p, is defined by

P = P --
PO

The excess compression for the concrete in a zone, p is defined by

C POc
Poc

therefore

P = PO (P+l) and

Pc = Poc (P+ 1)

Substitution yields

POO (;+l)fc

mc p o(P+l)

which can be solved for g1 as a function of p and f

f MCPo (P+ l)

PC P ocf -

Similarly,

fmp(+l)

4 Pw Pow(1-f) -1

where 1-fc has been substituted for fw"

It was necessary to be able to define expressions for g c and pw since pressure

will be expressed in the Hugoniot form

6



P = Ap + Bp3 + Cps

If shock Hugoniot data is available

A = Co

B = A(1+2(s-1))

C = A(2(s-1) + 3(s-1)1 )

where P0 is initial density, co is initial bulk sound speed and s is the slope

of the shock velocity vs particle velocity curve. For water these values are

Po = 1.0

c = 1.483x10S cm/sec

s = 1.75

leading to

A = 22 Kb
w

B = 55 Kb

C = 70 Kb
V

The pure concrete hydrostat can be taken from the lookup curve from the dry

concrete model. In this model, ambient pressure occurs at a p value of 0.223

where

P -12.2

and the pressure is 105.76 Kb at p = 0.36607 (based again on po=2.2). At this

pressure level the derivative of P with respect to p is 784 Kb. Shifting the

curve so that zero pressure occurs at p=O (based on Po=2.69) means that the

pressure level of 105.76 Kb occurs at p=0.143, as does the derivative value of

784 Kb. Since P will always be zero when p is zero, these conditions provide

only two equations. It was decided to set the C term to zero and solve for A

and B. These values are

Ac = 695 Kb

B = 311 Kb

7



The condition of pressure equilibrium thev requires that

w + +

= 6951L + 31142
C c

The equations for pc and p. can be substituted into the above equation to

provide a single equation for fc. After iteratively solving it for fc, fw can

be found from

fw M 1-fc

allowing one to solve for p and pw" Either value of p can be used in the

appropriate pressure equation to determine zone pressure.

Figure 2 is a plot of the combined hydrostats with values of fc and fw

indicated on the plot. The p value in the plot is total zone p. The dry

concrete hydrostat is shown on the plot for reference. It can be seen that

the sound speed for the saturated concrete will be 2 to 3 times that for the

dry concrete up to approximately 30 kb. After this point the two sound speeds

will be essentially equal.

Hightower proposes that the vet concrete's yield strength will be a function

of the water content and that it is zero when the concrete is fully saturated.

Hence, for this fully saturated model there is no yield strength in the

material.

The dry sand model used in the calculations presented in this report was

developed from two sources. Low pressure hydrostatic data from Reference 4

was combined with high pressure Hugoniot data from Reference 5. The sand has

an initial density of 1.6 gm/cc. It is assumed to have no yield strength and

is therefore represented only by a hydrostat. The hydrostat is shown in

Figure 3.

8
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SBCrM III

- CALCJIATIOM

Two types of calculations were undertaken in this effort: loading calcu-

lations on concrete slabs, and penetration calculations. The loading calcula-

tions were undertaken to investigate attenuation of stress waves in concrete

in cylindrical and spherical geometries, and reflections from free (air-

backed) and sand-backed surfaces. Loading was induced by driving a concrete

surface at a given velocity level. These calculations were performed in the

two-dimensional Lagrangian hydrocode, TOODY (Reference 6).

Figures 4 and 5 present stress (in dynes/cm 3 ) vs distance (in cm) in a

spherically diverging wave induced in concrete. The label TXX refers to total

stress and I refers to distance. The numbers on the curve refer to grid index

values in the calculation. The figures show stress at 50 and 90 microseconds.

The stress is induced by driving the inner spherical surface at 3x10 4 cm/s

(300 m/s). The figures clearly show the lead advance of the elastic precursor

followed by a sharp rise to the peak stress induced by the 300 m/s velocity.

This peak stress level is seen to attenuate with distance into the concrete

(with divergence of the wave). For example, at 50 ps the peak stress at the

shock front is approximately 5x10' dynes/cma (5 Kb). At 90 is tais peak has

decayed to approximately 3 Kb. Examination of data from this calculation

indicates that peak loading stress varies with radial distance (to within 10

percent) according to the equation:

C) ( 0 )0.8

where vo is the stress at radius Ro and (R) is the stress at radius R. The

calculation also indicates that the elastic precursor advances at a velocity

close to 5 km/s while advance of the peak stress is a more sedate 3.3 k/s.

Figures 6 through 9 provide calculational predictions for the same

loading in cylindrical geometry at 50, 100, 150 and 200 ps. The peak stress

in this case is fit (again to within 10 percent) by:

11
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Again, the elastic precursor is seen to separate and outrun the peak stress

wave.

The calculations discussed above were pertormed in semi-infinite con-

crete. Were the concrete of finite extent, of course, the loading within the

concrete would be considerably different due to reflections from the interface

between the concrete and the next medium. As an example of this effect,

consider the case for a concrete slab 10-cm thick, backed by semi-infinite

sand. Consider also that the entire free surface (top) of the slab is given a

sustained velocity of 300 m/s. This is, of course, plane geometry and there

should be no stress attenuation due to divergence. Figures 10 through 15 show

how stress will vary with distance in the concrete and sand at 50, 100, 150,

200, 250 and 400 ps. In Figure 10, it is seen that, at 50 ps, the initial

stress wave of approximately 17 Kb has been reduced to 9 Kb at the sand/con-

crete interface by a relief wave propagating from the interface back into the

concrete. By 100 ps, Figure 11, the relief wave has reached the moving

concrete surface and reduced the stress at that point to 6 Kb. Figures 12, 13

and 14 show the stress settling down to a value slightly over 6 Kb s wave

fronts settle down and the concrete/sand combination begins moving at the same

velocity. The stress is almost a constant 6.5 Kb at 4vt*; ips (VI'oe 15) across

the concrete and sand. The only disturbance exists at the tnitial wave front

which is now deeply in the sand.

Figures 16 through 19 are stress vs time plots for stations just inside

the concrete (Figure 16), midway into the 10-cm concrete slab (Figure 17), in

the concrete at the sand interface (Figure 18) and in the sand just across the

interface (Figure 19). The plots labelled 'RAD STRESS - KB' present stress vs

time for the stress component in the direction of slab motion. The plots

labelled 'AX STRESS - KB' present the same information for the other component

of stress (i.e., the one normal to the direction of motion). Examination of

Figure 16 shows that a peak stress of 17.2 Kb is reached just inside the

concrete's surface in approximately 10 ps. The stress remains at this level

until 50 ps at which time the relief wave from the concrete/sand interface

18
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arrives. Stress immediately drops to a nearly zero value and then slowly

builds up to a steady value of 6.5 Kb. Figure 17 is very similar, with the

exception that the initial 17.2 Kb peak is more short-lived due to the shorter

distance to the interface. Figure 18 illustrates that concrete at the inter-

face is not allowed to reach the 17 Kb level. It reaches a peak of approxi-

mately 10 Kb because of the relief at that interface. Figure 19 shows the

same data in the sand at the interface. There is a reversal of sign because

the sand has no strength and only pressure can be plotted. It can be stated

that an interface with sand will reduce stress loading to a small fraction

(1/3 in the specific case investigated) of the original loads.

The stress field providing loading on a projectile is very complex, as

seen in Reference 1, and cannot be equated to that resulting from spherical or

cylindrical divergence. So it is not possible to apply the results of the

previous calculations directly to the case of an actual penetration. However,

much of the phenomenology will be similar--i.e., the stress wave will attenu-

ate as it propagates into the concrete and return from the interface as an

unloading wave. This unloading wave will reduce the stress seen by the pro-

jectile. Loading on the projectile can, therefore, be expected to be a strong

function of the concrete's thickness and the amplitude of the initial stress

wave (i.e., the velocity of the projectile). In addition, it can be expected

that some aspects of the loading will be a function also of the projectile's

diameter.

Penetration calculations were undertaken, primarily with blunt projec-

tiles at velocities of 100, 200, 300 and 500 m/s. The projectiles were 1 or 2

cm in radius and the target thicknesses varied from 2.5 to 10 cm. The actual

values of projectile diameter and target thickness employed in the calcula-

tions are not important since the loading data will scale with these dimen-

sions. Most concrete slabs were backed with dry sand. A few runs were made

with air backing. Runs with conically-nosed projectiles were made at 300 and

500 m/s.

Figures 20 and 21 show density contours from a typical blunt nose calcu-

lation. The calculations were performed using the Eulerian HULL code (REF 7).

Figure 20 shows the initial geometry for a 1-cm radius projectile impacting a

29



5 .0 7---. 
. . . . . .

. .

10 _)0 30i405
[3NTDLJR SCALE

4.0 GM/CC
I I- OOOlaE .P0t

2 1.250E-0
3 1.50E-0

3.0 4 1.7SOE. 0
5 2.OOO-0 107
5 2.200E-00
7 2.50E-0

2.0 8 3.OOOE 00

Ox! = 0.167E40

1.0 MIN 1.22SE-03
6, ,67 .80

LI 8,333E-02

3 0.0 MAX 3.49 00

-1.0

80
-2.0 8

-3.0

70

-4.0

-5.0 - ....r7-1-- .... 1 -
1.9 1.0 2.0 3.0 L.0 5.0 6.0 7.0 8.0 9.0

OT[ HULL _LE -- 1.0 [M FAf PfN P 3'V:.E INTO 2.5 CM CONCRT/SRNO
PROBLEM 2127.1520

Figure 20. Initial Conditions for 1-cm Radius Blunt
Penetrator Impacting 2.5 cm Sand-backed
Concrete.

30



:0 (V I'

ii

II
iI

I ,I ' "
. i --- " av

,?.z ~ = = ~ -S - --- I : - . . .. . . . ., /'

:0i

Figure 21. Density Contours of 1-cm Radius Blunt Penetrator

Impacting 2.5 cm Sand-Backed Concrete.

31



sand-backed, 2.5-cm thick concrete slab. The vertical axis is an axis of

rotational symmetry so only one-half of the problem need be simulated. Figure

21 shows density profiles of the penetration event at 20, 40, 60 and 80 Rs.

By this last time, the projectile is even with the bottom of the concrete slab

and is pushing a large section of concrete ahead of it into the sand. The

calculation was actually run with the projectile fixed in space and the con-

crete/sand driven into it at 300 m/s. Stresses were collected at each time

step for the six zones across the front of the projectile. These stresses

were multiplied by the appropriate zone areas to obtain total force on the

projectile. This force was then divided by the projectile's total nose area

to obtain the loading stress. The projectile was not allowed to decelerate

for these calculations so that stress loading at a given velocity level could

be developed.

Stress vs time curves for these blunt projectiles are seen in Figures 22

through 25. Each figure shows loading curves for several concrete thicknesses

and a given projectile velocity. On each figure, the stress vs time curve for

semi-infinite concrete is also shown.

Figure 22 presents blunt 1-cm radius projectiles impacting sand-backed

concrete of 5-cm, 10-cm and semi-infinite thickness. The loading curve for

the 10-cm and semi-infinite concrete are essentially identical. The curve for

the 5-cm concrete is also identical with the exception of a 40 gs loss of

pressure due to the return of the peak stress from the sand interface. For 10

cm and beyond, this peak stress is too attenuated to be seen at the projec-

tile.

Figure 23 shows loading from the same three concrete thicknesses for a

projectile travelling at 200 m/s. With the exception again of a short-lived

drop in stress for the 5-cm concrete, there is essentially no difference in

loading on the projectile.

At 300 m/s, Figure 24, significant loading differences begin to appear.

The 5-cm thick concrete curve is an average of 4 Kb below the 10-cm and semi-

infinite loading curves. A 2.5-cm thickness was also investigated for this

velocity. The drop to a 2.5-cm thickness decreased loading by another

32

I



o

0u

0( ('

, -- -1

1 to .o

r U 0

$-44

~E
41 H

H wj oDE

a) U o

,)4 )

~ *,-4 .)-,-4

o U

uu

a)~C 44J) -

-4 -- CO U1)

1.4 .4

CD u

H U)

ODN

U) -4-,-

E-4

I II-44.) I I

3ID

o '-

x 4.1

4 33



C)

-

0

4Q ) - C
*1 4-)

4.)
4 4) ) (ol

$- 1 4.1) 4

o u C I-u S: u Cl)
0 r.

a) 0~

IH u4 0

H9 4J
4 ~ ~ E-1U0,a

4

I C)

2 CD

) C)

'0

c o 0

-440

4J-

U))
34N



(N

41. 4~J

CH 4J .J* d

41 -14 4-) -00
4J a) G 4J w 4 -

U U w) 4J 4 cu -

* 0 U N4 r -r
0 U r. u 0 0 0>

N0 z u NV

H4 a 1-% U 0

r 44 I u-H u-. 0 '0 E-4 c
E-1.~4 UE M it 03 U

U 10 E~ Ura 1 0

a) ) 0 1 M I V~*' I 0 f
U)~ / -4 Lo 2 U) N U) (N4 (C~J VC Im

041J

C)
-4N

00

0

4 $4

5L4

m C))

r -4(1

x ~J

35



C0

0)0

.U -I 0

CO

4-) En (aC
0)- U2 tD

C.) 4
.1 4H -J

a) 4-) C
~4- Q) .jJ

H 4 0)-

'44 0 C
r U 0
H U

F. I C)
W C0 I
U) -1 4

M

C

CC)

-4 CH

I 0u

Figure 25. lunt 1-cm Rdius Projecile t50msIpc
Veocty

362



approximately 4 Kb. Also shown on this figure is the result of a 2-cm radius

projectile impacting 2.5-cm thick concrete.

Figure 25 presents calculations for blunt projectiles impacting sand-

backed concrete at 500 m/s. Stress drops due to unloading are seen to be very

significant at this velocity level.

The fact that the total stress wave, including unloading, is a function

of T/D (the concrete's thickness divided by the projectile's diameter) is

q seen in Figure 26. The two curves in this figure show projectiles at 300 m/s

into sand-backed concrete. In one case, the projectile radius is 1 cm and

concrete thickness is 5 cm. In the other curve, projectile radius is 2 cm and

concrete thickness is 10 cm. The two curves, then, both have T/D values of 5.

They would be virtually identical were time expressed in units of t/D. That

is, the larger projectile reaches the same stress level, but at a later time.

The ability to scale stress with time enables one to develop a model which

will cover many situations with a relatively small number of calculations.

The difference between sand and air backing was investigated for projec-

tiles at 300 m/s. The loading curves are seen in Figure 27 for 1-cm projec-

tiles impacting 10-cm concrete, backed with air in one case and sand in

another. There is some difference, but it is relatively small. Experimen-

tally, little difference is seen between air and sand-backed concrete. It was

decided, therefore, to assume that any model developed from sand-backed con-

crete calculations applies equally well to air-backed concrete.

Projectiles with conical noses were investigated at .100 and 500 m/s.

Cone half angles were varied from 30 to 60 degrees. Each projectile was 1 cm

in radius. Figure 28 presents loading on conically-nosed projectiles impac-

ting sand-backed 5-cm thick concrete slabs at 300 m/s. As seen in the figure,

there is little difference in axial stress on these projectiles after the
r

entire cone has entered the concrete. The stress level lies along or slightly

above the level for a blunt penetrator under the same impact conditions. This

seemingly unusual circumstance occurs because the incident stress from a blunt

projectile is higher and of longer duration than that from a cone resulting in

a somewhat larger unloading wave. The stress in the figure is computed by
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dividing applied force by the largest cross-sectional area of the projectile.

For a conically-nosed projectile, this results in lower initial stress until

the complete cone is buried in the concrete. The stress levels would be

similar to those seen in the blunt projectile if the actual 'wetted' areas had

been employed.

Figure 29 compares a blunt and a 45-degree conically-nosed projectile at

300 m/s into a sand-backed concrete slab 10-cm thick. For this thickness, the

blunt projectile sees slightly higher loading after the nose of the cone is

buried in the concrete. Still, the loading is reasonably close after this

point.
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SECTION IV

TH WOADINy NDEL

There are a number of possible methods which could be used to construct a

model for projectile or projectile element loading. Differences in methods

used will not be important if the major parameters are represented in the

model. Calculations presented in the previous section indicate that velocity,

V, concrete slab thickness, T, projectile or element diameter, D, are the

major parameters needed to determine stress versus time loading curves. Using

these parameters, a simple model will be constructed for blunt projectiles or

elements with a surface oriented normally to the flow. Later in the section,

modifications required for other than normal surface orientation will be

discussed.

It seems reasonable to model loading as a modification to the semi-

infinite loading model. Examination of the many calculations leads to a

simple loading curve as seen in Figure 30 for blunt projectiles at a given T/D

and a velocity greater than 300 m/s. Based on the calculations, changes from

the semi-infinite model of Reference 1 are not recommended for velocities

below 300 m/s. In this curve, -c is the axial stress on the projectile or

projectile element. Point 1 on the curve is the peak stress generated within

a few microseconds after impact. This stress is a function of velocity only

and is plotted, along with the point 2 stress level in Figure 31. The peak is

used for point 1 stress and the steady value for point 2. The peak curve is

closely fit with the expression:

Ii = pcV

where p is 2.2 gm/cc, c is 3.1xlO s cm/s and V is the projectile's velocity in

cm/s. The result is peak stress in dynes/cm 2 (to convert to Kb, divide by

10'). The sound speed in this equation is a few percent larger than that

recommended in Reference 1. The steady stress level is fit with the

expression:

' T = 0.6 pcV
2 3
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where p is 2.2 gm/cc, c is 2.27x10 5 cm/s and V is in cm/s. The value of c is

very close to that recommended in Reference 1. It is believed to provide a

slightly better fit to the calculations. The factor of 0.6 is explained in

Reference 1 and results from the flow field moving radially away from the

projectile at the time the steady stress level is achieved.

The scaled time (t/D) at which point 2 is reached is given in Reference 1

as:

-6
(t/D)2 = 14x10 s/cm

Data in the calculations in this report support that fit as valid and it will

be used to describe point 2.

Point 3 is the point in time at which returns from the concrete interface

begin to significantly affect loading. Figure 32 shows data from the calcula-

tions at 300 and 500 m/s (the velocities at which loading was significantly

affected). There is some uncertainty in the value of (t/D)3 for a 10-cm thick

concrete and 500 m/s velocity. The bar indicates the range of uncertainty.

It was decided to use the point at 20x10- 6 s/cm because it fits the 300 m/s

data and because that is really the point at which stress begins to diverge

most radically from the semi-infinite case at 500 m/s. Using this fit, the

equation for (t/D)3 becomes:

(t/D)3 = 4(T/D)xlO s/cm

Point 4 on the loading curve is somewhat of an idealization in that it

does not take into account the sharp drop caused by return of the peak loading

stress from the sand or air interface. It was decaded to ignore this peak

return because of its short-lived nature. Stress and scaled time data for

point 4 were selected from the 300 and 500 m/s loading curves and are seen in

Figures 33 and 34. These figures indicate that v4 the stress at point 4,

should be a function of velocity as well as T/D. In the range of 300 to 500

r/s, a good fit for v4 appears to be:

4 = 2 + (6/5)T/D + 3(V-3x0')/2x10
4

where T4 is in kilobars and V is in cm/s.
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Calculational data for the scaled time, (t/D)4, is seen in Figure 34.

The data do not lie too far from a single straight line, expressed by:

(t/D)4 = 5.4xl0-
6 (T/D) s/cm

The final stress level, '5 has some uncertainty surrounding it because

there were not many calculations carried to this late time. It appears,

however, that use of the equation:

= 1/2pVxl0-9

where V is in cm/s and v5 is in Kb, is adequate and reasonably fits the data

available.

Figure 35 plots the data available for the scaled time, (t/D)5. This

scaled time is a function of T/D and velocity. A fit to this data is as

follows:

(t/D)5 = g2 - 13 1(T/D x 10- 6 s/cm

where V is in cm/s.

The model, then, for blunt projectiles or projectile elements is the

curve described in Figure 30 with -ci and (t/D)i fits as expressed in the

previous equations.

This blunt projectile model appears to be adequate for cones or projec-

tile elements with non-zero yaw if the actual wetted area is used for force

development. If the entire element or projectile area is used, then one must

intersect the blunt loading curve at a time at which the entire element or

nose section becomes wetted. A straight line from -0 to an intersection at

completely wetted time fits the calculations.
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SECTION V
KNECTS OF SATURATED CONCRETE

Two calculations were run investigating the effect of saturated concrete

on expected loading. The projectile was a blunt, 1-cm radius vehicle travel-

ling at 300 m/s.

In the first calculation, the projectile impacted a semi-infinite slab of

fully saturated concrete. The loading curve resulting from this calculation

is seen in Figure 36. Also seen in the figure is the loading expected upon

impact into the same slab of dry concrete. The calculation indicates that

initial peak stress is higher in the saturated concrete but that the steady

stress value is essentially (l/2)pV 2 , or that expected from merely pushing

failed concrete. Examination of the calculation shows that the high speed of

relief waves from the entrance-free surface accounts for the rapid reduction

of loading on the projectile.

The existence of sand in front of the concrete has little effect, as seen

in Figure 37. This figure presents loading on a 1-cm radius projectile impac-

ting saturated concrete covered with a 10-cm thick layer of sand. Loading

experienced by the projectile in the concrete is close to that seen in Figure

37 after peak stresses have decayed.

These calculations indicate that a saturated concrete which obeys

Hightower's behavior model is a very soft target.
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Figure 36. Loading on 1-cm Radius Blunt Penetrator
* Impacting Concrete at 300 rn/s.
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SuCrION VI

MEO INDIWL iVALUATION

The work described in this report extends the concrete loading model

developed for semi-infinite targets to targets with finite thickness both with

and without sand backing. Expressions are developed for the initial impact

stress loading on the projectile and for the steady state loading. The appro-

priate expressions are linear fits to calculated data and the inflection

points are related to a scaled time which is proportional to the T/D ratio of

the concrete/projectile system.

Using a suitable transducer and an on-board recording system, it should

be possible to measure the axial stress loading on the nose of a penetrating

projectile and assess the overall qualitative and quantitative agreement

between the calculations and experiment. At impact velocities of 220 a/see or

less, the steady state loading stress will be less than the maximum allowable

for existing ballistic pressure transducers (-6.2 [bar). By providing for a

recessed installation to eliminate the initial impact stress on the trans-

ducer, and by suitable conditioning of the output signal, it is likely that an

accurate dynamic recording of the steady state stress can be obtained. The

use of different target thicknesses along with a single projectile diameter

will provide suitable verification of the scaled time relationship for un-

loading times in the finite thickness targets. A limited series of 6 tests

will be suitable for initial verification of the loading curve. If the tech-

nique adopted proves feasible, then it could be further extended to oblique

impact cases with either axial or radial stress measurements. Data developed

from such a program may be employed along with plane strain calculations to

extend the utility of the loading model to oblique impact situations, as
appropriatre.

Current interest in projectile ricochet from concrete surfaces combined

with a general lack of experimental data to evaluate proposed ricochet cri-

teria points to the need for a testing program to develop suitable informa-

tion. Many experimental efforts involving ricochet are performed with sub- S

scale projectiles such as 0.50 caliber or 20 nm in order to minimize projec-
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tile costs, to ease data collection requirements and to permit a relatively

large number of tests to be conducted. The typical problem associated with

such subscale testing is that the concrete target and projectiles are not

replica models of full scale items of interest, and the data developed has

limited utility. Full scale testing usually is expensive, and consequently,

only limited tests are performed to satisfy a particular developmental re-

quirement. This is particularly so for items launched full scale from a

rocket sled track. A compromise approach which employs relatively large

projectiles of about 8 cm diameter is possible using a smooth bore gun

developed by the Air Force Armament Laboratory at Eglin Air Force Base. Such

Ua system would tend to minimize the problems of scaling test results since for

many systems, the results are very nearly full scale. In addition, overall

expense would be less than 10 percent of a comparable program using very large

targets on a sled track.
0

Based upon a nominal projectile diameter of 8 cm, a test program requir-

ing approximately 36 tests would be appropriate to evaluate ricochet from

&argets of 3 different thicknesses at 2 different velocities, at 3 angles of

obliquity and with 2 different nose shapes. With target thicknesses of 4, 12

and 36 inches, target thickness to projectile diameter ratios of from 1.3 to

11.4 should be investigated at the different velocities. The loading model

developed in this report indicates that loading--and hence, ricochet--is a

* strong function of the projectile diameter to target thickness ratio. Targets

need to be well characterized with compressive cylinder tests and beam flexure

tests and should be 8 feet square to minimize edge effects. By employing high

speed cameras and witness panels, the entry and exit trajectories could be

accurately determined and the data used for comparisons with calculation made

from the Differential Area Force Law (DAFL) code and/or the Terradynamic

Equations of Notion (TDEM) code both currently used by the Armament Labora-

tory. The overall series should provide a comprehensive set of data suitable

* for use in verifying existing ricochet predictors.
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